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Abstract

Massive stars, with masses larger than 8M⊙, are ones of the most important sources for dynam-
ical and chemical evolutions in the universe. In spite of the importance of the massive stars,
their formation processes have not been well understood. One of the most serious problems is
that massive clouds are gravitationally unstable in early collapsing phases. The thermal Jeans
masses in infrared dark clouds (IRDCs), considered as their parental dense clouds, are estimated
as about 1 M⊙. This implies that the mass is too small to make a massive core and eventually a
massive star. Certain mechanisms producing additional inner pressure to overcome a self-gravity
of a massive collapsing cloud (CC) in the IRDC are required. One of the possible mechanisms
to produce the additional pressure is heating of the gas, which increases thermal pressure of
the gas. For example, the gas with a temperature of higher than 40 K can physically support
the massive CC with a mass enough to form a massive star against the self-gravity. Among
various heating sources, radiation by young stellar objects (YSOs) in the IRDC is considered
as a promising one because it could serve as a universal source without invoking any external
objects.

We focused on the highest mass YSO in the IRDC because it most effectively heats the IRDC
due to its largest luminosity among the YSOs in the IRDC. According to simple estimation,
the radiation by a higher intermediate-mass YSO (HIYSO; defined as a YSO with a mass of
5 to 7 M⊙ in this work) is required to heat the gas with a mass of 8 M⊙ up to 40 K in total.
When the HIYSO already exists before the formation of the massive CC in the IRDC, the
radiation by the HIYSO would heat the gas sufficiently. This means that the massive young
stellar object (MYSO) is expected to be generally accompanied by the older HIYSO within
0.1-pc region, corresponding to the heating area of the HIYSO radiation. However, it has not
been observationally confirmed. To examine whether the star formation sequence between the
HIYSO and the MYSO within 0.1-pc size region has been consistent with our expectation or
not, information of an age and a mass of individual object is strongly desired.

In this work, three massive star forming regions, the M8E, the RAFGL 6366S, and the IRAS
18317-0513 regions, have been observed in the mid-infrared wavelengths, including 31- and 37-
micron bands, to examine the star formation sequences between HIYSOs and MYSOs. Our
developed mid-infrared camera MAX38 mounted on the miniTAO telescope has been used for
this study. The observations have brought us the first images of these regions at longer than
30-microns from ground. The spatial resolution in our observations achieves approximately 8
arcsec at 31 microns and 9 arcsec at 37 microns which is the highest resolution among the other
observations carried out so far. Images of all these 0.1-pc size regions, which have achieved
enough high spatial resolution to resolve individual objects, have been successfully obtained.
These images have enabled us to measure an infrared luminosity of each object separately.

Individual spectral type and stellar mass have been estimated from the derived luminosities
using a stellar model. In the M8E and RAFGL 6366S regions, it has been found that the objects
associated with the UCHII regions have relatively lower masses than the other objects. Because
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less massive YSOs are expected to have longer star formation timescales, they may form earlier
and more massive objects latter. These star formation sequences have also been confirmed by
a quantitative age estimation of each object. Furthermore, a literature survey has been carried
out to extend the number of samples. The similar star formation sequence has also been found
in one region out of three. In total, such star formation sequences have been confirmed in three
out of six regions and the same star formation sequences could have not been ruled out in the
other three regions. This suggests that the radiative heating by the previously formed HIYSO
helps the formation of MYSO in the massive star forming regions.

Furthermore, we have estimated the gas temperature and the mass of the CC in the heated
gas using a simple cloud model under assumption of dust thermal equilibrium. It has been
suggested that the radiative heating by the HIYSO can increase the gas temperature enough to
form the MYSO in a certain case within a possible range of a luminosity and a temperature of
the HIYSO. It has also been suggested that the increased mass of the CC, assuming that it is
equal to the Jeans mass, from the radiative heating by the HIYSO almost corresponds to the
mass of the MYSO in a certain case.

This work may provide the first observational evidence that the radiative heating by the
previously formed HIYSO induces the formation of the MYSO. This result also suggests spec-
ulation that masses of newly formed YSOs in the IRDCs always increase from the first-formed
low-mass YSOs to finally-formed MYSOs due to the radiative heating by the previously formed
YSOs in the IRDCs. Detailed theoretical models of the radiative heating in the IRDCs and
our planning future large survey will give further information of the star formation sequences
between HIYSOs and MYSOs and the effect of the radiative heating by the HIYSO. They may
also reveal the universality of such star formation sequences with more extended mass ranges
including intermediate mass objects.
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Chapter 1

Introduction

1.1 Importance of massive stars

Massive stars, with masses larger than 8M⊙, are ones of the most important sources for dynam-
ical and chemical evolutions in the universe. They provide strong UV photons to surrounding
interstellar medium (ISM) and form ionized regions. They also supply strong mechanical en-
ergy to the ISM via fast stellar winds, outflows, and supernova explosions (Zinnecker and Yorke
2007). The supernova explosions are also important to generate interstellar magnetic fields by
accelerating cosmic rays via shock fronts (Zinnecker and Yorke 2007). The massive stars are
main suppliers of heavy elements, heavier than helium, and have a great influence on evolution
of the early universe (Zinnecker and Yorke 2007). The heavy elements formed at a center of
the massive star spread to the interstellar space widely and enrich the interstellar environments
through supernova explosion at the end of the life. The heavy elements increase an efficiency of
gas cooling as well as being main components of dust grain and large molecules (Zinnecker and
Yorke 2007). The dust and the molecules including the heavy elements are essential matters for
forming rocky planets like the Earth and eventually birth of living organisms like a humankind.

1.2 Overview of massive star formation

In spite of the importance of the massive stars, their formation processes have not been well
understood. The primary reason is the fact that a massive star forming region is affected by
strong extinction in most wavelengths. Since the massive stars quickly evolve, they are deeply
embedded in gas and dust clouds especially during their forming periods. Another reason is
the fact that these stars are located distant from us because of their rareness as compared with
lower-mass stars. This makes it difficult to resolve each forming massive star.

The massive stars are considered to form in relatively dense clouds called infrared dark clouds
(IRDCs) with typical densities of nH2 ∼ 104cm−3, sizes of about 1 to 10 pc, and temperatures
of about 10 K (Tan et al. 2014; Longmore et al. 2011) as illustrated in Figure 1.1. A part of
the IRDC, called a massive collapsing cloud (a massive CC) in this paper, collapses into a dense
core with a typical size of approximately 0.1 pc (Churchwell 2002; Tan et al. 2014). The center
of the massive core is still cold, about 10 to 20 K, and millimeter continuum emission is mainly
detected from there (Churchwell 2002). Then, a part of the massive core collapses and makes
a massive young stellar object (MYSO) surrounded by an optically thick circumstellar-envelope
(Tan et al. 2014). Since the dust envelope is heated up to typically about 100 K by radiation
from the MYSO, the observed flux is dominated by thermal re-emission from the envelope (Grave
and Kumar 2009; Sridharan et al. 2002). In this evolutional phase, the parental massive core is
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Chaper. 1 1.2 Overview of massive star formation

Figure 1.1: Overview of massive star formation from the IRDC to the main-sequence stages.
Evolutional sequence of a massive star after forming a massive core is magnified. Observable
wavelengths at each evolutional stage are also represented.

Figure 1.2: Typical hot cores with MYSOs, the IRAS 18151-1208 region (Marseille et al. 2008).
Color scale represents the 8 micron map by the MSX satellite. White and gray contours represent
the 1.2-mm map obtained with the IRAM 30m telescope/MAMBO.
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Chaper. 1 1.3 Core formation and fragmentation problem

also heated by the MYSO and observed as a hot core (HC) (Churchwell 2002). The HC usually
shows large optical-depths of molecular-lines in the radio wavelengths and this suggests that
the massive core includes a dense, nH2 ≥ 107cm−3, region where the MYSO should be located
(Churchwell 2002). Observational examples of the HCs are shown in Figure 1.2. Three bright
sources, MM1, MM2, and MM3 are detected with millimeter continuum in the IRAS 18151-1208
region. While the MIR emission is detected from MM1 and MM3, it is not from MM2. These
differences are considered to be caused by different evolutional stages of the central objects
(Marseille et al. 2008).

The MYSO starts emitting ionizing photons from when reaching around the zero age main-
sequence (ZAMS) stage (Hosokawa and Omukai 2009). In the early main-sequence stage, mass
accretion prevents an ionizing region around the central star from expanding because most
ionizing photons are absorbed by accreting dust and gas (Churchwell 2002). When the mass
accretion stops or sufficiently decreases, the ionized region grows up and forms an ultra compact
HII region (UCHII region), defined as a dense, ne ≳ 104cm−3, and compact, size ≲ 1017cm,
HII region (Churchwell 2002). To make and sustain the UCHII region, a luminous central star
with a spectral type as early as B3 is needed at least. While the UCHII region is still embedded
in the gas and dust in the massive core, an existence and characteristics of the UCHII region
can be examined by free-free emission in the centimeter wavelengths. A typical observed case
of an object with an UCHII region is shown in Figure 1.3. The lifetime of the UCHII region
is observationally estimated to be as short as 105yr (Churchwell 2002). Therefore, the massive
stars accompanied by the UCHII regions are considered to be after but at near the ZAMS stage.
The UCHII regions are considered to keep expanding and then be observed as compact HII
regions with a typical size of 0.05 to 0.4 pc (Mezger et al. 1967) and eventually HII regions with
a typical size of larger than 10 pc (Phillips 2008).

1.3 Core formation and fragmentation problem

As described above, an evolutionary sequence of the massive star in the formation stage has
been revealed by the previous observational and theoretical works. However, a serious problem
has remained in an early forming stage of the massive core. A molecular cloud is supported
by thermal gas-pressure against self-gravity. The mass of the molecular cloud determined by

the physical balance is known as the thermal Jeans mass and proportional to T
3/2
gas ρ

−1/2
gas , where

Tgas and ρgas are a temperature and a density of the gas in the molecular cloud, respectively.
The molecular cloud with a mass larger than the Jeans mass is physically unstable and even-
tually fragments into small-mass clouds. The Jeans mass is estimated as about 1 M⊙ under
physical conditions of a typical IRDC, density of about 104cm−3 and a temperature of about
10 K, assuming isothermal and uniform-density gas. This implies that the massive CC, which
eventually produces a massive core and a massive star, cannot exist in the typical IRDC. This
is a fundamental problem in the massive star formation. Another problem that a massive core
fragments to multiple low-mass objects during its collapsing phase also exists, called as the
core fragmentation problem (Tan et al. 2014). Both problems are serious for the massive star
formation. In this study, the former problem of the massive CC in the IRDCs, which is more
fundamental one, is focused on.

To physically support the massive CC, some mechanisms providing additional pressure to
overcome a self-gravity of the massive CC are required. One possible mechanism is strong
internal turbulence. Actually, observations have shown that the IRDCs are usually in turbulent
condition with a line width of approximately 1 km s−1 (Tan et al. 2014). This would be strong
enough to provide the sufficient pressure. However, the strength of the turbulence is different
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Chaper. 1 1.4 Radiative heating feedback by previously formed YSOs

by location and a number of stagnation points of the turbulence co-exist in the IRDC. Since the
pressure around the stagnation points is relatively weak, the gas is expected to form only the low-
mass cores around them. This expectation has been supported by Padoan and Nordlund (2002)
and Mac Low and Klessen (2004). They have carried out numerical and analytical calculations
about the turbulent cloud and suggested that the turbulence is not effective for increasing the
Jeans mass in the IRDC due to the stagnation points.

Magnetic field can also produce the additional pressure in the IRDC (Tan et al. 2014). For
example, the magnetic field with a strength of 0.03 mG can physically support the massive CC
with a mass of 8 M⊙ (Draine 2011). On the other hand, typical strength of the magnetic fields in
IRDCs has not been accurately measured so far (Tan et al. 2014). Recently, Crutcher et al. (2010)
and Crutcher (2012) have found the relation between the gas density and the median strength
of the magnetic field with a wide gas density range of 100 ≲ nH2 ≲ 107 cm−3 and suggested
that the strength of the magnetic field in a typical IRDC with a density of nH2 ∼ 104 cm−3

would be 0.05 mG. This seems to be strong enough, but it is noteworthy that it is not derived
by measurements but by an interpolation. Direct measuring the strength of the magnetic fields
in IRDCs is physically difficult due to lack of suitable molecular line tracers for cold and dense
IRDCs (Tan et al. 2014). Therefore, the magnetic field may contribute to support the massive
CCs in the IRDCs but the practical effect of this mechanism is not clear.

Gas heating increases the thermal pressure in IRDCs. If the gas temperature is heated up
to 40 K, a CC with a mass of 8 M⊙ can be sufficiently supported. External shock and external
radiation from a nearby supernova or an expanding HII region are possible heating sources.
Actually, Beuther et al. (2012) have demonstrated that some star-less molecular clouds in the
W43 complex are heated up to 20-30 K by the external radiation from nearby massive stars.
However, all the massive CCs would not be commonly heated up sufficiently by the external
shock and the external radiation. The other possible source is radiation from previously formed
young stellar objects (YSOs) in the IRDC. This heating source is considered as a promising one
because it could serve as a universal source without invoking any external objects as mentioned
above.

1.4 Radiative heating feedback by previously formed YSOs

The luminosity of a YSO strongly depends on its mass and a more massive YSO is much
more luminous through the pre-main sequence stage (Siess et al. 2000; Palla and Stahler 1993;
Hosokawa and Omukai 2009). It is presumed that the total luminosity of a cluster of YSOs
is dominated by the luminosity of the highest mass YSO among them. Therefore, the highest
mass YSO previously formed in the IRDC should be focused on as a heating source. According
to a simple estimation, the gas temperature of 40 K can be achieved if a higher intermediate-
mass YSO (HIYSO; defined as a YSO earlier than about B3 with a mass of 5 to 7 M⊙ in this
work) exists in the IRDC. In other words, the formation of the MYSO may be induced by the
radiative heating by a slightly less massive object. Based on the analogy of the radiative heating
by the HIYSO, the following star formation scenario is speculated: In a primitive IRDC, only
low-mass YSOs formed at first. These stars effectively heat up the cloud and a higher mass
YSO forms from the heated gas. The higher mass YSO is more luminous and more effectively
heats up the gas and the mass of a newly formed star gradually increases. Eventually, a HIYSO
and subsequently a MYSO forms. We call this as “mass-sequential star formation”. Figure 1.4
shows a schematic drawing of this scenario.

When the mass-sequential star formation occurs in the IRDC, the MYSO is expected to be
generally accompanied by the older HIYSO within a 0.1-pc region, corresponding to a heating
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area of the HIYSO radiation (Scoville and Kwan 1976). However, the star formation sequence
between the HIYSO and the MYSO in such a small region has not been well studied before. In
order to study the star formation sequence, the information of an age and a mass of each object
is required.

In general, the age of a YSO or a star is difficult to be estimated. However, for massive
objects including HIYSOs and MYSOs, it is easily distinguished whether the object already
reaches at the ZAMS stage or not by existence of an UCHI region. Radio interferometers are
powerful tool to detect the free-free emission from the UCHII regions with high spatial resolution
of less than 5 arcsec.

The masses of the HIYSOs and the MYSOs are estimated from their bolometric luminosities.
As mentioned in section 1.2, the apparent effective temperatures of the HIYSOs and the MYSOs
are about 100K and the peak wavelength of the spectral energy distributions (SEDs) is located
in the long-MIR, defined as longer than 25µm in this work (Grave and Kumar 2009; Churchwell
2002; Sridharan et al. 2002). For accurate estimation of the bolometric luminosity, the long-
MIR is particularly important (Figure 1.5). Furthermore, high spatial resolution is important to
resolve multiple sources including the HIYSOs and the MYSOs in complex regions and measure
their fluxes separately. For example, spatial resolution of 10 arcsec is needed to resolve two
objects with a separation of 0.1 pc at a distance of 1 kpc. Since most of the massive star
forming regions are located further than 1 kpc 1, higher spatial resolution is required. However,
such a high spatial resolution has not been achieved in the long-MIR wavelengths so far.

Radiation in the long-MIR wavelengths have been normally observed by space telescopes.
However, space telescopes lunched so far are not useful for studying massive star forming regions
in detail. Their apertures are not so large and the spatial resolution limited by the diffraction
of the apertures is slightly insufficient. In addition, observations of nearby massive star forming
regions frequently suffer a saturation problem. Ground-based telescopes with large apertures
achieve high spatial resolutions in the MIR, but they cannot access the long-MIR wavelengths
due to atmospheric extinction even in the Mauna Kea site with an altitude of 4,200 meters.

1.5 Scope of this work

This work concentrates on revealing the star formation sequences between the HIYSOs and the
MYSOs in a couple of massive star forming regions with a size of about 0.1 pc. To exclude
the effects of the heating by the external shocks and external radiation, massive star forming
regions without structure indicating the dynamical and the radiative interaction are selected as
observational targets.

To achieve sufficient spatial resolution in the long-MIR, new observations have been carried
out with a new mid-infrared instrument optimized for the long-MIR observations, Mid-infrared
Astronomical eXplorer 38(MAX38; Nakamura et al. 2010 and Asano et al. 2012), mounted on a
ground-based telescope, The University of Tokyo Atacama 1.0-m Telescope (miniTAO; Minezaki
et al. 2010). The miniTAO is located on the summit of Co. Chajnantor at Atacama desert in
Chile, the altitude of which is 5,640 meters, and this site is the only place that enables us to
carry out stable observations in the long-MIR wavelengths up to 38 um (Miyata et al. 2012). To
maximize the advantages of the site, the MAX38 has a wavelength coverage up to 38 micron and
an imaging capability with a high spatial resolution, less than 10 arcsec (Nakamura et al. 2010;

1There are a few extremely nearby massive star forming regions such as the Orion BN/KL massive star forming
region. In these regions, it has been suggested that severe dynamical interaction would have happen in the past
(De Buizer et al. 2012) and they do not seem to be suitable for examining only the effect of the radiative heating.
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Asano et al. 2012). We have observed totally three massive star forming regions and successfully
obtained spatially resolved new images in the long-MIR in this work.

Details of target selection and observational status are represented in Chapter 2. The results
of the observations including photometry and luminosity estimation are described in Chapter 3.
The mass of each YSO and the star formation sequence between a HISYO and a MYSO in each
observed region are discussed in Chapter 4. The literature survey is also described in Chapter
4. The quantitative evaluation of the effect of the radiative heating by the HIYSO is described
in Chapter 5. Finally, the conclusion and the future plan are shown in Chapter 6.
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Figure 1.3: Typical image of UCHII region, G057.5474-00.2717 (Urquhart et al. 2009). Three
color maps are from the GLIMPSE infrared survey with the Spitzer/IRAC. White contours
represent observations of the free-free emission in 6 cm wavelengths by the VLA.

Figure 1.4: The sketch of the mass-sequential star formation in the IRDC. The highest mass
YSO at a certain point helps the formation of more massive YSO.
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Figure 1.5: Typical SED of MYSO, IRAS 16464-4539 (Grave and Kumar 2009). Dots and
triangles represent observed fluxes and upper limits due to low resolution, respectively. Bold
and thin lines show fitting results of SED. A peak of radiation energy is located from the long-
MIR to the FIR wavelength range.
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Chapter 2

Observations

2.1 miniTAO/MAX38

Mid-infrared observations of massive star forming regions have been carried out with the mini-
TAO/MAX38, which are parts of the University of Tokyo Atacama Observatory Project (PI:
Yuzuru Yoshii; Yoshii et al. 2010). The MAX38 has a 128 × 128 Si:Sb BIB detector with a
pixel scale of 1.26 arcsec. It has a field of view of 2 × 2.5 arcmin2 for imaging observations
(the remaining 0.5 × 2.5 arcmin2 of the detector array is used for spectroscopy). The detailed
performance of the MAX38 is reported by Asano et al. (2012). The profiles of filters used in this
work are listed in Table 2.1. The MAX38 has achieved diffraction-limited high spatial resolution
of approximately 8 and 9 arcsec at 31 and 37 microns, respectively.

2.1.1 Condition of observations

Observations have been conducted in September in 2010, May in 2011, November in 2011, and
October in 2012 under good weather conditions with a precipitable water vapor (PWV) of from
0.35 to 1.05 millimeters as listed in Tables 2.3 and 2.4.

Observations have been conducted with standard chopping and nodding. Chopping fre-
quency has been 3 Hz on September 20 2010 and 2 Hz in the other observations , respectively.
Chopping throw has been adopted as 20, 32, and 38 arcsec to prevent the overlap of the images.
Chopping directions have been both north-south and east-west in November in 2011 and only
north-south in the other observations. Nodding frequency has been 0.05 Hz on September 20 in
2010 and 0.02 Hz in the other observations, respectively. Nodding throw has been adopted as
30, 35, and 40 arcsec and nodding directions have been orthogonal to the chopping directions.
All four images of the chopping and nodding beams have been on the detector (on-chip chop
and nod method).

2.2 Observation Targets

Based on following criteria, we have selected massive star forming regions as observation targets.

� Containing multiple candidates of HIYSOs, MYSOs, or objects with UCHII regions within
a few × 0.1 pc-size area reported in the RMS project (Lumsden et al. 2013), which is the
most recent large survey of massive star forming regions in multi-wavelengths including
NIR imaging archive (2MASS), NIR spectroscopy (Cooper et al. 2013), MIR imaging
archive (GLIMPSE and MIPSGAL), MIR imaging (mainly MSX and Michelle (Lumsden
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Chaper. 2 2.2 Observation Targets

et al. 2013)), sub-mm imaging archive (ATLASGAL), millimeter spectroscopy (Urquhart
et al. 2008a), and centimeter interferometric imaging (VLA and ATCA (Urquhart et al.
2009)) (Note that not all above observational data is available for all regions), or by de
Wit et al. (2009), which is the recent survey observations with high spatial resolution (less
than 1 arcsec) in the MIR especially including 24.5 µm images.

� Observed in multi-wavelengths including at least infrared and centimeter wavelengths to
evaluate the possibility of observations in the long-MIR and to determine the evolutional
stage.

� Containing multiple IR or radio objects with separations of larger than about 4 arcsec to
resolve each object spatially with the miniTAO/MAX38 in the long-MIR.

� Containing the only objects that do not accompany bright nebulae in the MIR to derive
luminosities accurately.

� Flux of a region at 30 µm is estimated as more than 100 Jy. This flux threshold is set to
detect the second or third luminous object which has about 10 % of a total flux in the
region, corresponding to achieving signal-to-noise ratio of approximately 10 with roughly
1000 seconds integration using miniTAO/MAX38 with 31 µm filter.

Selected ten massive star forming regions are listed in Table 2.2. Four massive star forming
regions among the ten selected regions have been observed with the miniTAO/MAX38. However,
image data of the IRAS 06063+2040 region is not used for the following analysis because this data
has not been obtained with the sufficient signal to noise ratio to detect multiple components.
In the other three regions, the M8E, the RAFGL 6366S, and the IRAS 18317-0513 region,
observations have been achieved sufficient signal-to-noise ratios. All the three regions have
been studied in multi-wavelengths by previous works but the long-MIR imagings with high
spatial resolution have been lacking until now. Their coordinates, observing date, filters in use,
integration time, and PWV and airmass at the observing time are listed in Table 2.3.
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Table 2.1: MAX38’s Filter Parameter
Filter λ [µm] ∆λ [µm] spatial resolution

8.9µm 8.9 0.8 2.5”
12µm 12.2 0.5 2.5”
18µm 18.7 0.9 4.6”
25µm 24.5 1.9 6.3”
31µm 31.7 2.2 7.8”
37µm 37.3 2.4 9.2”

Table 2.2: The selected targets list

Name R.A. 1 (J2000) Dec 1 (J2000) Distance Observation status

RAFGL 6366S 06h 08m 41.s 0 +21◦ 31′ 01′′ 2.0 kpc 2 observed & detected
IRAS 06063+2040 06h 09m 21.s 9 +20◦ 39′ 28′′ 2.0 kpc 3 observed & not detected
IRAS 09230-5148 09h 24m 41.s 2 −52◦ 01′ 54′′ 5.7 kpc not observed
IRAS 13395-6153 13h 43m 02.s 1 −62◦ 08′ 52′′ 5.3 kpc not observed
IRAS 16362-4845 16h 40m 00.s 1 −48◦ 51′ 45′′ 2.0 kpc not observed
IRAS 16533-4009 16h 56m 47.s 8 −40◦ 14′ 25′′ 2.4 kpc 4 not observed
IRAS 16533-4009 17h 02m 08.s 4 −41◦ 46′ 53′′ 4.7 kpc not observed
IRAS 17016-4124 17h 05m 09.s 8 −41◦ 29′ 04′′ 2.8 kpc not observed

M8E 18h 04m 53.s 2 −24◦ 26′ 42′′ 1.5 kpc 5 observed & detected
IRAS 18317-0513 18h 34m 25.s 6 −05◦ 10′ 50′′ 3.0 kpc observed & detected

Distances without footnote symbols are from Urquhart et al. (2008a)
1http://simbad.u-strasbg.fr/simbad/
2Klein et al. (2005)
3Kawamura et al. (1998)
4Moisés et al. (2011)
5Simon et al. (1984)
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2.2.1 M8E

The M8E region is a massive star forming region located at an almost south-east edge of the
famous M8, known as the Lagoon nebula (Tothill et al. 2002). The low spatial-resolution, about
30 arcsec, mapping surveys with sub-millimeter dust continuum and molecular line emission
around the M8E region have represented that a separation between a neighbor core is approx-
imately 3 arcmin (Tothill et al. 2002), corresponding to as large as 1 pc, as shown in Figure
2.1. In addition, obtained images have shown that the M8E region has a central-concentrated
morphology of dust and gas density structure and does not have a tail-like structure. Therefore,
it is suggested that the M8E region does not suffer from external interaction from the neighbor.

Its distance is 1.25-1.5 kpc (Arias et al. 2007; Simon et al. 1984) assuming that its distance is
the same as that of the M8 derived by photometric and spectroscopic observations. In this work,
1.5 kpc is adopted as is often the case with the previous works, such as Linz et al. (2009). The
M8E region consists of two close objects (Simon et al. 1984). Their projected separation is about
7 arcsec and it corresponds to 104AU as shown in Figure 2.2. The one object, called M8E-IR
in Simon et al. (1984), is an Orion-BN like MYSO without radio free-free emission. Although
M8E-IR is faint at the optical wavelengths, it is very bright at the near-infrared and longer
wavelengths. The other object, named M8E-radio (Simon et al. 1984), has an UCHII region
detected in the centimeter wavelengths (Simon et al. 1984; Molinari et al. 1998). M8E-radio
itself have been also detected in the MIR wavelengths (de Wit et al. 2009; Linz et al. 2009).
Electron density of the UCHII region accompanied with M8E-radio is approximately 105cm−3

and its size is about 600 AU, corresponding to 1016 cm (Simon et al. 1984), which are typical
values of UCHII regions (density ≳ 104cm−3 and size ≲ 1017cm) (Churchwell 2002).

2.2.2 RAFGL 6366S

The RAFGL 6366S region is a massive star forming region and considered as a part of the Gemini
OB1 molecular complex. It is located at about 10 arcmin, corresponding to approximately 6
pc, south-east from the S247 HII region (Rodon 2009; Carpenter et al. 1995). Global dense
gas distribution of the RAFGL 6366S region has not shown tail-like structure obtained by
observations in millimeter molecular line emission with low spatial resolution, about 45 arcsec,
in the studies of Carpenter et al. (1995) and Klein et al. (2005) as shown in Figure 2.3. In
addition, although the RAFGL 6366S region is next to the S247 HII region, the large-scale
kinematic temperature distribution derived from observations by Carpenter et al. (1995) has
represented an almost flat temperature distribution of approximately 10 K around 2 pc-scale
from the RAFGL 6366S region. These results have suggested that the RAFGL 6366S region is
not externally interacted by the S247 HII region or any external sources.

The distance towards the RAFGL 6366S region is 2.0 kpc although it has large uncertainty
up to ±50% because this is a kinematic distance of molecular gas (Klein et al. 2005). The
RAFGL 6366S region consists of several stars and protostars. A spatially resolved image of
millimeter dust continuum emission using the radio-interferometer obtained by Rodon (2009)
has shown that this region has elongated structure from north-east to south-west as shown in
Figure 2.4. There are an object with an UCHII region in the north-east part of this region
(Kurtz et al. 1994), a MYSO in the central part, and an infrared-quiet (dark) region in the
south-west part. The separation between the object with the UCHII region and the MYSO is
approximately 7.1 arcsec, which corresponds to 1.4× 104AU . Kurtz et al. (1994) have reported
that the detected UCHII region has a relatively high electron density of > 0.6× 104cm−3 and a
relatively small size of < 1200 AU (< 2 × 1016cm). Observations with the MSX satellite have
shown that the most of mid-infrared fluxes come from near the MYSO. SiO outflow is associated
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Figure 2.1: The image of the south-east part of the M8 nebula from the observations of Tothill
et al. (2002). Gray scale map represents 850 micron dust emission. The M8E region corresponds
to a big black spot at an east edge in this map. Thick contours represent at values of 12CO(2−1)
integrated intensity of 25, 50, 100 Kkms−1 (black) and 150 Kkms−1 (white).

Figure 2.2: The image of the M8E region at 24.5 micron from the Linz et al. (2009). Gray
scale map represents 24.5 micron dust emission. The white plus mark represent the position of
M8E-radio detected in centimeter wavelengths.
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with the MYSO and this object seems to be young and massive object (Rodon 2009). There
is also a near-infrared object in the central part of the region. It is 2 arcsec apart from the
MYSO and thought as a low-mass YSO (Rodon 2009). These two objects in the central part
have been clearly resolved by observations at 11.2 µm with high spatial resolution using the
Gemini-North/Michelle (Urquhart et al. 2008b).

2.2.3 IRAS 18317-0513

The IRAS 18317-0513 is known as a bright massive star forming region in the infrared wave-
lengths (Faúndez et al. 2004). It is suggested that the IRAS 18317-0513 region is not affected
by any external sources because the relatively low spatial-resolution, 12 to 25 arcsec, mapping
observations with millimeter dust continuum and molecular line emission have shown the central-
concentrated morphology of dust and gas density structure of the IRAS 18317-0513 region and
an absence of a neighbor object around it (Faúndez et al. 2004; López-Sepulcre et al. 2010) as
shown in Figure 2.5.

Its distance is 3.0 kpc obtained in the RMS project (Lumsden et al. 2013) although it has
large uncertainty, typically± 1 kpc, in the observations by this project because this is a kinematic
distance of molecular gas (Urquhart et al. 2008a). The IRAS 18317-0513 region consists of two
objects. The one is brighter in the NIR and also the MIR at the N-band wavelengths and the
other, located at south-east of the brighter one, is NIR-fainter object (Lumsden et al. 2013) as
shown in Figure 2.6. The separation between two objects is about 4.7 arcsec and it corresponds
to 1.4× 104AU . The free-free emission in the centimeter wavelengths has not been reported in
this region (Urquhart et al. 2009; Lumsden et al. 2013). Weak SiO outflow has been detected
in this region and expected to be associated with the NIR-bright object but HCO+, which is
considered as a strong accretion tracer, is not detected (López-Sepulcre et al. 2011). These
observational results suggest that an accretion activity of this NIR-bright object is modest at
present and this object may be at the later phase of massive star formation in the pre-main
sequence stage (López-Sepulcre et al. 2011). However, it has not been confirmed whether SiO
outflow actually comes from the NIR-bright object or not because these radio observations have
been carried out with relatively low spatial resolution.

2.3 Standard stars

Careful evaluation of point spread functions is critical to obtain feasible images of crowded
regions such as close objects and elongated structure. We have observed infrared bright stars
selected from IRAS-PSC with the criteria of F25µm ≥ 500Jy. (See Table 2.4; we call them PSF
standards). The observations of the PSF standards have been carried out at nearly the same
airmass of the targets.

Some of the PSF standards are also used for the calibration of the photometry. These
stars are known as variable stars and their intrinsic fluxes are generally unclear. To reduce
the uncertainty of the intrinsic fluxes, other stars known as the MIR photometric standards
described in Cohen et al. (1999) have also been observed at the N-band. The uncertainty of
photometry with PSF standards are described in detail in Chapter 3.
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Figure 2.3: The image around the Sh 247 HII region from the observations of Carpenter et al.
(1995). Gray scale map corresponds to a digitized red Palomar Sky Survey print. A bright object
located at west side is Sh 247 HII region. Black contours represent peak antenna temperature
of 13CO(2 − 1) with increment of 1.0 K from 1.5 K corresponding to the observational noise
temperature. The RAFGL 6366S region is located at about 10 arcmin south-east from the S247
HII region.

Figure 2.4: The image of the RAFGL 6366S region at 1.4 millimeter from the Rodon (2009).
The contours start at the 4 σ level in both panels, increasing in 1 σ steps up to the 8 σ contour
and in 2 σ steps afterwards. The UCHII region is detected at the region A. The MSX source
corresponds to the region B. The region C is only detected at radio wavelengths and infrared-
quiet region.
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Figure 2.5: The images of the IRAS 18317-0513 region observed with HCO+(1−0), HCO(1−0),
and C18O(2−1) from the López-Sepulcre et al. (2010). The unit of the axises are arecsecs offset
from the center of the peak of 1.2 mm observations. The central-concentrated morphology of
gas density can be seen in all molecular line emissions.

Figure 2.6: The images of the IRAS 18317-0513 region observed at 12.5 micron (Lumsden et al.
2013). Two objects, bright one and faint one, are clearly seen. The bright object is also brighter
at the NIR wavelengths estimating from the 2MASS map.
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2.4 Data reduction

In data reduction, a weighted-average method (Nakamura 2011) is used for reducing background
noise. This method can subtract atmospheric emission by empirical estimation. It is confirmed
that patterns on a image due to atmospheric turbulence can be eliminated in the works by
Nakamura (2011). This method is quite useful and efficient especially for spatially extended
sources and achieves a higher signal-to-noise ratio than a simply averaging method without any
loss of the flux. After that, all the four images of chopping and nodding beams have been added
into one image.
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Chapter 3

Result

3.1 Mid-infrared morphology

3.1.1 M8E

Figure 3.1 shows images of the M8E region at 18, 25, 31, and 37 µm. The M8E region has been
detected above 3 σ of the background sky noise in all observing bands as seen in Figure 3.1 (see
dashed lines). Images of PSF reference stars, IRC+10420 and V1185 Sco, are also displayed
in the figure. A bright object seems to be detected at the position of the M8E region. It is
clearly resolved into two sources at 25 µm, while it is marginally resolved at 31 and 37 µm.
The separation of the two peaks is approximately 7 arcsec. Halo-like structure with a radius
of approximately 10 arcsec is seen in the images of the M8E region at 18 and 25 µm, but the
similar structure is also seen in the images of the PSF reference star, indicating that it is not
real structure of the object.

Previously mid-infrared images obtained at 10 and 24.5 µm with the Subaru/COMICS have
been reported by de Wit et al. (2009) and Linz et al. (2009). These images have achieved high
spatial resolution, less than 1 arcsec. They have resolved the M8E region and shown that this
region consists of three point-source like objects, a compact and bright M8E-IR, a cometary-
shaped M8E-radio (Simon et al. 1984), and a previously undetected source. The positions of the
three objects are marked in Figure 3.1 (b) assuming that the flux peak position in Figure 3.1
(b) corresponds to the position of the brightest object in the M8E region at 24.5 µm, M8E-IR,
in the previous work of de Wit et al. (2009). This comparison gives a good agreement with our
25 µm image obtained with the miniTAO/MAX38. The result suggests that two peaks resolved
in our 25 µm image correspond to M8E-IR and M8E-radio in the image of de Wit et al. (2009),
respectively. No sources corresponding to the third object (shown as a triangle mark) are found
in our images. This non-detection of the third object is consistent with the fact that the third
object is much fainter than M8E-IR and M8E-radio in the previous observations (Linz et al.
2009; de Wit et al. 2009). Our and previous results have suggested that the third component
accounts for little in the total luminosity of the whole M8E region. Therefore, the third object
will not be studied and analyzed in detail in this work later.
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3.1.2 RAFGL 6366S

Figure 3.2 shows images of the RAFGL 6366S region at 8.9, 12, 18, 25, 31, and 37 µm, together
with those of the PSF reference stars, WX Psc, VY CMa, and α Ori. As compared with dashed
lines in Figure 3.2, it is confirmed that the RAFGL 6366S region has been detected above 3 σ
of the background sky noise in all observing bands.

Two objects can be clearly seen at 18 and 25 µm, while they are marginally resolved at 31
and 37 µm. The separation of the two peaks is approximately 8 aecsec. In the 12 µm image, the
source is clearly elongated but its direction from north-west to south-east is not consistent with
the direction of the two objects seen in the 18 and the 25 µm images. At 8.9 µm, the detected
source seems to be a single point source. The images of the PSF references at 31 and 37 µm
(Figure 3.2 (k) and (l)) are slightly elongated. This may be caused by imperfect focusing of the
telescope. However, the elongation of the PSF images is much smaller than the extension of the
target images and we consider that the extension of the target is not artificial but real structure.

Hereafter, the central bright object seen in the all wavelengths and the second object only
seen at 18, 25, 31, and 37 (marginally) µm are called as RAFGL 6366S-IR1 and RAFGL 6366S-
IR2, respectively. Previous observations in the millimeter-radio and the NIR wavelengths with
high spatial resolution, less than 5 arcsec, have revealed that this region should consist of three
objects in the MIR, the object with the UCHII region, the MYSO, and the NIR object considered
as a low mass YSO (Rodon 2009). Their positions are marked in Figure 3.2 (c) assuming that
the flux peak position in Figure 3.2 (c) corresponds to the position of the brightest object in
the RAFGL 6366S region in the MIR and the millimeter wavelengths, the previously detected
MYSO in the work of Rodon (2009). The positions of the object with the UCHII region and the
MYSO in the previous observations almost correspond to those of IR2 and IR1 in our 18 µm
image, while our observations cannot resolve the MYSO and the NIR object in 18 µm and longer
wavelengths due to insufficient spatial resolution. This result suggests that IR1 corresponds to
the complex of the MYSO and the NIR object and IR2 corresponds to the object with the UCHII
region. IR1 is partly spatially resolved into two sources of the MYSO and the NIR object at 12
µm. IR2 cannot be seen at 8.9 and 12 µm, which may be due to the strong extinction of silicate
in this region.
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3.1.3 IRAS 18317-0513

Figure 3.3 shows images of the IRAS 18317-0513 region and the PSF reference star, IRC+10420,
at 12, 18, and 31 µm. It is shown that the IRAS 18317-0513 region has been detected above 3
σ of the background sky noise in all observing bands in comparison with dashed lines in Figure
3.3. Two objects are marginally resolved in all wavelengths.

The two infrared objects have been detected in observations with high spatial resolution, less
than 2 arcsec, in Urquhart et al. (2009). Their positions are marked in Figure 3.3 (b) assuming
that the flux peak position in Figure 3.3 (b) corresponds to the position of the brightest object
in the IRAS 18317-0513 region in the NIR in the previous work of Urquhart et al. (2009). Our
18µm image is well consistent with the previous results when comparing the positions of the
two objects. Hereafter, the objects at the north-west side and at the south-east side are called
as IRAS 18317-0513-IR1 and IRAS 18317-0513-IR2, respectively.

27



Chaper. 3 3.1 Mid-infrared morphology

−
10

0
10

∆
R
.A
.
[a
rc
se
c]

−
10010

∆Dec.[arcsec]

(a
)
λ
0
=
1
2µ
m

0.
00
0

0.
00
6

0.
01
2

0.
01
8

0.
02
5

−
10

0
10

∆
R
.A
.
[a
rc
se
c]

−
10010

∆Dec.[arcsec]

(b
)
λ
0
=
18
µ
m

⋆•

0.
00

0.
02

0.
04

0.
06

0.
08

−
10

0
10

∆
R
.A
.
[a
rc
se
c]

−
10010

∆Dec.[arcsec]

(c
)
λ
0
=
31
µ
m

0.
00

0.
05

0.
10

0.
15

0.
20

−
10

0
10

∆
R
.A
.
[a
rc
se
c]

−
10010

∆Dec.[arcsec]

(d
)
λ
0
=
12
µ
m

01346

−
10

0
10

∆
R
.A
.
[a
rc
se
c]

−
10010

∆Dec.[arcsec]

(e
)
λ
0
=
18
µ
m

01357

−
10

0
10

∆
R
.A
.
[a
rc
se
c]

−
10010

∆Dec.[arcsec]

(f
)
λ
0
=
3
1µ
m

01234

F
ig
u
re

3.
3:

M
id
-i
n
fr
ar
ed

im
a
ge
s
o
f
IR

A
S
1
83

17
-0
5
13

(T
o
p
)
a
n
d
P
S
F

st
a
n
d
a
rd

(B
o
tt
o
m
)
o
b
se
rv
ed

w
it
h
th
e
M
A
X
38

.
F
ie
ld

of
v
ie
w

is
40
”

×
40
”
in

al
l
im

ag
es

an
d
N
or
th

is
u
p
.
T
h
e
ce
n
te
r
p
o
si
ti
o
n
o
f
ea
ch

im
a
g
e
co
rr
es
p
o
n
d
s
w
it
h
th
e
fl
u
x
p
ea
k
p
o
si
ti
o
n
o
f
ea
ch

im
ag
e.

T
h
e
u
n
it

re
p
re
se
n
ts

in
co
lo
r-
sc
al
e
is

[J
y
/
a
rc
se
c2
].

T
h
e
(a
),

(b
),

a
n
d
(c
)
im

a
g
es

o
f
IR

A
S
1
8
3
1
7
-0
5
1
3
co
rr
es
p
o
n
d
w
it
h
im

a
ge
s
of

12
,
18
,
an

d
31

µ
m

re
sp
ec
ti
v
el
y.

A
ls
o
,
th
e
(d
),
(e
),
a
n
d
(f
)
im

a
ge
s
of

P
S
F
st
a
n
d
a
rd
s
co
rr
es
p
o
n
d
w
it
h
im

a
g
es

o
f
12

,
18

,
an

d
3
1
µ
m

re
sp
ec
ti
v
el
y.

P
S
F
st
an

d
ar
d
s

ar
e
IR

C
+
10
42

0
in

a
ll
w
av
el
en
gt
h
s.

D
as
h
li
n
es

re
p
re
se
n
t
3
σ
,
6
σ
,
a
n
d
9
σ
co
n
to
u
r
o
f
b
a
ck
g
ro
u
n
d
n
o
is
e.

S
o
li
d
li
n
es

re
p
re
se
n
t
20
%

,
40
%

,
an

d
60
%

co
n
to
u
r
of

p
ea
k
co
u
n
ts
.
In

a
ll
w
av
el
en
g
th
s,

ex
te
n
d
ed

n
o
rt
h
-w

es
t
st
ru
ct
u
re

ca
n
b
e
cl
ea
rl
y
se
en

in
IR

A
S
1
83

17
-0
51
3
as

co
m
p
ar
ed

w
it
h
P
S
F
st
an

d
ar
d
s.

In
(b
)
im

a
ge
,
⋆
m
a
rk

re
p
re
se
n
ts

th
e
n
ea
r-
in
fr
a
re
d
b
ri
g
h
te
st

o
b
je
ct

(I
R
A
S
18

31
7-
0
51

3-
IR

1
)
in

p
re
v
io
u
s
w
or
k
U
rq
u
h
ar
t

et
al
.
(2
00
9)

a
n
d
•
m
a
rk

re
p
re
se
n
ts

th
e
se
co
n
d
on

e
(I
R
A
S
1
8
3
1
7
-0
5
1
3
-I
R
2
)
in

th
is

re
g
io
n
.

28



Chaper. 3 3.2 PSF Photometry

3.2 PSF Photometry

3.2.1 Flux measurements

In each observed region, two objects have been detected with our observations. To obtain the
flux of the individual object accurately, PSF photometry has been performed. The model PSFs
have been made by the images of the PSF standard stars. When the second brightest object
is not clearly resolved and the position of the object is difficult to be determined, the relative
position measured in other wavelengths is used. We note that the flux measured here is a
just relative one, and further calibration is needed for the absolute photometry (see the next
subsection). The measured flux ratios of the two objects are listed in Table 3.1.

To evaluate the validity of the PSF photometry, model-reproduced images have been made
by the combination of the two best-fitted model PSFs and subtracted from the observed images
at each observing band in each region. The standard deviation of the subtracted images in
object-subtracted area is almost consistent with that in the background sky area as seen in
Table 3.1. In addition, there seems to be no artificial structure in the subtracted images. These
suggest that the observed images consist of two point-source objects and another objects or the
extended structure are not included in the images. One exception is the image of the RAFGL
6366S region at 12 µm. It shows significantly large standard deviation. This may be caused by
the fact that RAFGL 6266S-IR1 is not a single point source but it consists of two objects, the
MYSO and the NIR object, as already mentioned in the previous section.
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3.2.2 Absolute flux calibration

Absolute fluxes of the objects have been calibrated with the observations of the PSF standard
stars just before or after the target observations. Measurements by the ISO/SWS have been
employed as the intrinsic fluxes of these stars. However, these stars are long period variables
and their intrinsic fluxes at the observing time are expected to be different from the ISO mea-
surements. In this study, these stars have also been observed in the N-band and calibrated
with the measurements of the non-variable stars listed as the MIR standard stars in Cohen
et al. (1999). For data of α Ori, observations in the N-band have not been conducted with the
miniTAO/MAX38 and the calibration using the MIR standard stars has not been available. On
the other hand, Jupiter has been observed at 31 µm in the same day. Flux of Jupiter has been
obtained by interpolation of DIRBE data (Hauser et al. 1991) and calibrated by an apparent
diameter in the observed day assumed that the brightness temperature of Jupiter is stable. This
assumption seems to be feasible because the brightness temperature of Jupiter does not vary
larger than 0.6 % in seven-year monitoring in the millimeter wavelengths (Weiland et al. 2011).
In addition, although the stability of the brightness temperature of the Jupiter in the MIR is
not understood well, the flux of Jupiter in the MIR obtained with DIRBE is stable, within the
error of 2 %, during two months monitoring when calibrated by an apparent diameter in the
observed day (Kamizuka in private communication). Therefore, we adopt Jupiter as a calibrator
of α Ori in this work. The error of DIRBE flux is about 2 % as mentioned above and we assume
the same flux error of Jupiter in our calculation.

In addition, we have assumed that the colors of the PSF Standard stars have not changed
during the flux variations of the stars. Monnier et al. (1998) have monitored the color variations
of long period variables including our PSF standard stars, IRC+10420, WX Psc, α Ori, and
VY CMa in 3 years from 8 to 13 µm and revealed that the color variation was almost negligible
in these wavelengths. Although the color variation of the Mira-type star V1185 Sco is observa-
tionally unknown, Smith (2003) has shown that Mira-type variables generally show small color
variation, approximately 10 %. Total uncertainness of the intrinsic flux estimation is considered
to be less than 10 %. The derived fluxes of the PSF standards from these calibrations are listed
in Table 3.2.

The other issue to be considered is systematic errors from unstable atmospheric conditions
in the MIR wavelengths during the observations of the targets and the standards. To estimate
variation of atmospheric transmittance, the ATRAN (Lord 1992) model has been used. Even
if the PWV drastically varies from 0.5 mm to 1.0 mm during the observations, the variation
of the transmittance at 18 and 25 µm is less than 10 % and 30 %, respectively. Since the
observations have been carried out under more stable conditions as listed in Tables 2.3 and 2.4,
these variations (< 10 % at 18 µm and < 30 % at 25 µm) are considered to be upper limits.

In the longer wavelength range, 31 and 37 µm, the variation should be much larger because
the atmospheric transmittance relatively largely depends on the PWV in these wavelengths
(Asano 2011). The variation of the atmospheric transmittance causes the variation of the back-
ground fluxes directly because this wavelength range is on the Rayleigh-Jeans side of atmospheric
thermal emission. The measured background fluxes varied typically within 5 % and 7 % in the
worst case. Assuming that emission from the telescope is about 30 % of the whole background
flux and that from the sky is about 70 % in the long-MIR wavelengths (Asano 2011), this
background variation indicates that the variation of the relative atmospheric transmittance is
typically less than 30 % (PWV less than 1.0 mm) and roughly 80 % on 30 October 2011 and
23 October 2012 under a bad weather condition (PWV equal to or more than 1.0 mm). This is
briefly because 5 % variation of the background sky flux corresponds to 7 % change of absolute
emissivity of the atmosphere and considering that typical atmospheric transmittance at 31 and
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37 µm is about 30 % (Miyata et al. 2012), typical variation of the relative atmospheric transmit-
tance is calculated as less than 30 %. The variations of the relative atmospheric transmittances
in all observing dates have been calculated in the same way as shown above but the transmit-
tance derived from the PWV of each day is used instead of the typical PWV value. Therefore,
more realistic results of instability have been estimated and described above.

Derived flux of each object is listed in Table 3.3. The flux errors in Table 3.3 are only care
about photometric errors from statistical origins.

For the M8E region, spectral data obtained by the ISO/SWS is also available. The beam
size of ISO/SWS is 14” × 27” and M8E-IR and M8E-radio have not been resolved in this data.
The flux derived from this is also listed in Table 3.3. In comparison with the flux of the M8E
region derived from our observing data (Table 3.3), the difference is 1.2 %, 4.4 %, 20 % and 25 %
in 18, 15, 31 and 37 µm, respectively. These differences seem to be explained by the uncertainty
from the variation of the atmospheric transmittance as discussed above. Therefore, the fluxes
and their errors derived in this work are reasonable. In the M8E region, the ISO/SWS flux are
used for following analysis.

Table 3.2: Flux of PSF standards
PSF standard wavelength(λo) [µm] Flux [Jy] calibrator

WX Psc 8.9 850 π2 Aqr
VY CMa 12.2 9600 β Col

18.7 12000
31.7 5100

α Ori 24.5 790
31.7 550 Jupiter
37.3 370

IRC+10420 12.2 1100
18.7 2300 α Boo
24.5 2400
31.7 1900

V1185 Sco 18.7 630 α Boo
37.3 1100

Table 3.3: Fluxes of the objects from photometry result given in Jy.

Object 8.9µm 12.2µm 18.7µm 24.5µm 31.7µm 37.3µm

M8E-IR - - 183±2 306±3 436±10 341±6
- - 185±21 293±31 364±81 455±81

M8E-radio - - 5±2 43±3 107±10 79±6
- - 5±21 41±31 89±81 105±81

RAFGL 6366S-IR1 19.1±0.6 52±4 112±4 164±17 274±7 260±16
RAFGL 6366S-IR2 < 0.4 < 1.7 8±4 22±17 57±7 81±16

IRAS 18317-0513-IR1 - 6.4±0.4 15.9±0.7 - 53±3 -
IRAS 18317-0513-IR2 - 2.3±0.4 18.6±0.7 - 69±3 -

The flux errors only include statistical origins and not systematic ones.
1 Flux derived from ISO/SWS spectral data of the M8E region.
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3.3 Estimation of Luminosities

The luminosities of the observed objects are derived from SED including our photometric data.
When deriving the luminosities of the MYSOs and the objects with the UCHII regions, it is
assumed that all their radiation is absorbed and re-emitted by the warm dust in their surrounding
circumstellar envelopes as mentioned in Chapter 1.

3.3.1 M8E

Spectral energy distributions of M8E-IR and M8E-radio are plotted in Figure 3.4. While M8E-
IR has a relatively flat SED in the mid-infrared region, M8E-radio shows a curved SED and its
peak is located at approximate 30 µm. In the MIR wavelengths, M8E-IR accounts for the most
of the whole flux among the M8E region.

The SED of M8E-radio has been fitted by single-temperature blackbody radiation. Most
of the fluxes have been well reproduced by the blackbody radiation with a temperature of 92
K (the solid line in Figure 3.4) except for the flux at 18 µm. The error of the temperature
estimation is ±4K. The modeled flux at 18 µm is about 2 times higher than the observation.
One possible explanation is foreground extinction. The visual extinction (Av) of at least 30
mag is required to modify the modeled flux at 18 µm which is consistent with the observed
one within the error, but it also decreases the flux at 25 µm down to about 30 % from the
original one. The fitting cannot be improved even if both the temperature and the extinction
are modified. Another possible explanation is internal structure of M8E-radio. M8E-radio is
the deeply embedded object and it may not be able to be seen through internal region even at
18 µm. Since the outer region is expected to be cooler than the inner region, the flux at 18 µm
would be observed to be fainter than expectation.

The derived bolometric luminosity of M8E-radio is 8×102L⊙ in total at the assumed distance
of 1.5 kpc. The error of the derived luminosity due to the error of the derived temperature
is estimated as ±15%. In the wavelengths longer than 25 µm, the luminosity is estimated via
integrating the blackbody of 92 K, while it is calculated by numerical integration of the observed
fluxes from 18 to 25 µm. The contribution at the wavelengths shorter than 18 µm is neglected
because it seems to be very small compared with the total luminosity.

It is clear that the fluxes in the wavelengths from the far-infrared to the sub-mm wavelengths
show significant contribution to the total flux. It is usually observed that relatively cold compo-
nents are associated with MYSOs and objects with UCHII regions and considered as extended
diffuse components (Churchwell 2002). Unfortunately, no spatially resolved images have been
taken yet from the far-infrared to the sub-mm in the M8E region. It is not clear which of
M8E-IR or M8E-radio is the major source of the far-infrared/sub-mm emission. Adopting the
temperature of 30 K, which is a typical temperature of the cold components associated with
the MYSOs and the objects with the UCHII regions (Churchwell 2002), its total luminosity is
estimated as 1× 103L⊙ (see the chained line in Figure 3.4 in the case of all the cold component
associated with M8E-radio). Assuming that the uncertainty of the temperature of the cold com-
ponent is roughly ±5K, the uncertainty of its total luminosity is ±50%. If all cold component
associates with M8E-radio, this is an upper limit case of the contribution to the luminosity of
the M8E-radio. Therefore, the total luminosity of M8E-radio is derived as 1.5± 0.5× 103L⊙.

Previously, de Wit et al. (2009) have estimated the total luminosity of this region as 8×103L⊙.
This has been based on the unresolved photometric data in the wavelengths longer than 25 µm,
and it includes the luminosities of both M8E-IR and M8E-radio. Therefore, the luminosity of
M8E-IR is estimated as 6.5± 0.5× 103L⊙.

The uncertainty of the distance towards the M8E region also affects the absolute luminosity
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of the two object, while a ratio of the luminosities between the two objects does not change.
When the distance is 1.25 kpc, the closest case, the luminosities of M8E-radio and M8E-IR are
estimated as 9± 4× 102L⊙ and 4.5± 0.4× 103L⊙, respectively.

3.3.2 RAFGL 6366S

SEDs of RAFGL 6366S-IR1 and RAFGL 6366S-IR2 are shown in Figure 3.5. While IR1 has a
relatively flat SED in the mid-infrared region, IR2 shows a curved SED and its peak is about
30µm. IR1 accounts for the most of the whole flux of the RAFGL 6366S region in the mid-
infrared wavelengths.

At wavelengths longer than 18 µm, the SED of IR2 has been well reproduced by the single-
temperature blackbody radiation with a temperature of 87± 3K (the solid line in Figure 3.5).

The derived bolometric luminosity of IR2 is 1.1× 103L⊙ in total at the assumed distance of
2.0 kpc. In the wavelengths longer than 37 µm, the luminosity is estimated via integrating the
blackbody of 87 K, while it is calculated by numerical integration of the observed fluxes from
J band to 37 µm. In this calculation, we ignore the fluxes upper limits at 8.9 and 12 µm and
using the linear interpolation between the fluxes at K band and 18 µm because the fluxes at 8.9
and 12 µm may suffer severe silicate extinction. The contribution at the wavelengths shorter
than J band is neglected because it seems to be very small compared with the total luminosity.
The error of the derived luminosity is estimated as ±17%.

For IR1, the SED has been well reproduced by the single-temperature blackbody radiation
with a temperature of 145± 9K (the dashed line in Figure 3.5).

The derived bolometric luminosity of IR1 is 4.6 × 103L⊙ in total. The luminosity of IR1
has been calculated as the same way of IR2 but including the fluxes at 8.9 and 12 µm in the
numerical integration. The error of the derived luminosity is estimated as ±24%.

The fluxes at the far-infrared wavelengths from 58 to 150 µm show significant excess. Since
these were measured with large beam sizes of > 1 arcmin, they may come from the diffuse region
around the RAFGL 6366S core. The excessed sub-mm fluxes were also measured with relatively
small apertures of 31 and 15 arcsec in Dunham et al. (2010) and Klein et al. (2005), respectively.
This indicates that the fluxes come from the central core of RAFGL 6366S, but it is unclear
which of IR1 or IR2 is the emitting source. Assuming the temperature of 30 K, it corresponds
to the luminosity of 2.0× 102L⊙. The uncertainty of its luminosity is assumed as ±50% in the
same way of the M8E region. This is also considered as uncertainness of the total flux of IR1
and IR2, i.e., 4.8± 1.3× 103L⊙ and 1.3± 0.4× 103L⊙, respectively.

The uncertainty of the distance towards RAFGL 6366S region also affects the absolute
luminosities of IR1 and IR2. When the distance is 1.0 kpc, the closest case, the luminosities of
IR1 and IR2 are 1.2 ± 0.3 × 103L⊙ and 3.3 ± 1.0 × 102L⊙, respectively. When the distance is
3.0 kpc, the furthest case, those of IR1 and IR2 are 1.1 ± 0.3 × 104L⊙ and 3.0 ± 0.9 × 103L⊙,
respectively.

3.3.3 IRAS 18317-0513

SEDs of IRAS 18317-0513-IR1 and IRAS 18317-0513-IR2 are plotted in Figure 3.6. While IR1
shows a strong excess in the near infrared region, IR1 and IR2 have roughly the same fluxes in
the mid-infrared region.

At wavelengths longer than 12 µm, the SED of IR2 has been well reproduced by the single-
temperature blackbody radiation with a temperature of 119 ± 4K (the dashed line in Figure
3.6).
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Figure 3.4: SED of M8E. Red, blue, and green mark represent M8E-IR, M8E-radio and unre-
solved flux, respectively. The data from this work is plotted as ⋄ mark. Solid line shows black
body SED fitting of M8E-radio. Dashed line shows SED fitting of M8E-IR by de Wit et al.
(2009). Chain line shows upper limit of the subtraction of M8E-radio submm flux from total
submm flux. This limitation was fitted by 30 K black body radiation.
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Figure 3.5: Result of SED fitting to RAFGL 6366S IR1 and IR2. Red, blue, and green mark
represent fluxes of RAFGL 6366S-IR1, RAFGL 6366S-IR2, and unresolved total RAFGL 6366S
region, respectively. The fluxes obtained by our work is plotted as ⋄ mark. Solid line represents
black body radiation fitting of IR2 and dotted line represents that of IR1. The red chain line
shows linear fitting of IR1’s flux in shorter wavelengths and the blue one shows IR2’s.
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The derived bolometric luminosity of IR2 is 2.4×103L⊙ with an error of ±7% in total at the
assumed distance of 3.0 kpc. In the wavelengths longer than 31 µm, the luminosity is estimated
via integrating the blackbody of 119 K, while it is calculated by numerical integration of the
observed fluxes from 12 to 31 µm. The contribution at the wavelengths shorter than 12 µm is
neglected because it seems to be very small compared with the total luminosity.

For IR1, in the wavelengths longer than 31 µm, the luminosity has been tried to be estimated
via fitting and integrating the blackbody radiation in the same way as IR2. However, the
obtained fluxes are relatively flat from 12 to 31 µm and the SED fitting by single-temperature
blackbody radiation cannot reproduce the observed fluxes well. Therefore, we have assumed
119±4K blackbody radiation from IR1, the same as IR2, and fitted the intensity of the radiation
using the fluxes at 18 and 31 µm because the fluxes of IR1 at the 18 and 31 µm are almost the
same values as those of IR2.

The derived bolometric luminosity of IR1 is 2.7× 103L⊙ with an error of ±9% in total. The
luminosity of IR1 has been calculated as the same way of IR2 but using the fluxes from J band
to 31 µm in the numerical integration.

The fluxes at the far-infrared wavelength from 60 and 100 µm show significant excess, but
these were measured with large beam sizes of > 1 arcmin and they may not come from the
central core. The excessed sub-mm flux was also measured with a relatively small aperture of
24 arcsec (Faúndez et al. 2004). It would come from the IRAS 18317-0513 core, but it is unclear
which of IR1 or IR2 is the emitting source. Assuming the temperature of 30 K, it corresponds
to the luminosity of 5.9×102L⊙ with an error of ±50%. This is also considered as uncertainness
of the total flux of IR1 and IR2, i.e., 3.2± 0.7× 103L⊙ and 2.9± 0.7× 103L⊙, respectively.

The uncertainty of the distance towards IRAS 18317-0513 region also affects the absolute
luminosities of IR1 and IR2. When the distance is 2.0 kpc, the closest case, the luminosities of
IR1 and IR2 are 1.3 ± 0.3 × 103L⊙ and 1.2 ± 0.3 × 103L⊙, respectively. When the distance is
4.0 kpc, the furthest case, those of IR1 and IR2 are 5.8 ± 1.3 × 103L⊙ and 5.2 ± 1.3 × 103L⊙,
respectively.

The summary of the luminosity estimation is listed in Table 3.4.

Table 3.4: Luminosities derived from SED.
Object Evolutional stage Luminosity (L⊙)

M8E-IR MYSO 6.5± 0.5× 103

M8E-radio UCHII 1.5± 0.5× 103

RAFGL 6366S-IR1 MYSO 4.8± 1.3× 103

RAFGL 6366S-IR2 UCHII 1.3± 0.4× 103

IRAS 18317-0513-IR1 MYSO 3.2± 0.7× 103

IRAS 18317-0513-IR2 MYSO 2.9± 0.7× 103
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Figure 3.6: Result of SED fitting to IRAS 18317-0513 IR1 and IR2. Red, blue, and green mark
represent the flux of IR1, IR2, and unresolved whole region, respectively. Fluxes obtained by
this work is plotted as ⋄ mark. Solid line shows black body radiation fitting of IR1 and dotted
line shows that of IR2. The red chain line represents linear fitting of IR1 in shorter wavelengths.
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Chapter 4

Star formation sequences between
HIYSOs and MYSOs

In this chapter, we will evaluate the masses of the individual objects and discuss their formation
sequence in detail. The other star forming regions observed at a wide wavelength range with
sufficient spatial resolution will also be searched in literatures to extend the number of samples.

4.1 Mass evaluation of individual object

When the object reaches at the ZAMS stage, its spectral type and mass can be estimated from
the bolometric luminosity. The models of Thompson (1984) and Cox (2000) can be used for
the estimation. This is a simple and a relatively reliable method. On the contrary, the mass
estimation of the object which is in the pre-main sequence stage is relatively complicated. In this
stage, mass accretion is still on-going and a luminosity of a HIYSO or a MYSO is monotonously
increasing with time (Hosokawa and Omukai 2009). This indicates that the current luminosity
is a lower limit of the final luminosity which will attain at the ZAMS stage. In this study, we
estimate the mass of the pre-main sequence object assuming that the object would have had the
same luminosity as the present. The estimated mass therefore gives a lower limit of the final
mass of the object.

4.1.1 M8E

M8E-radio is considered to be at near the ZAMS stage, because M8E-radio has the UCHII region
(Simon et al. 1984). Its spectral type is expected as B2.5-3 by the stellar model of Thompson
(1984) using the derived luminosity (1.5±0.5×103 L⊙) at the assumed distance of 1.5 kpc. This
is almost consistent with the estimation of the spectral type of B2 based on the measurement
of the free-free emission reported by Simon et al. (1984). The mass is 6.5 ± 0.5M⊙ using the
theoretical models of Cox (2000).

On the contrary, M8E-IR is considered not to reach at the ZAMS stage yet judging from
the absence of an UCHII region (Walsh et al. 1998). If its luminosity does not change until
reaching at the ZAMS stage, the spectral type of M8E-IR at the ZAMS stage is estimated as
B0.5-1 (Thompson 1984). Its mass is estimated as 10.5 ± 0.5M⊙ using the derived luminosity
of 6.5± 0.5× 103 L⊙ (Cox 2000). These are the lower limits of the spectral type and the mass
at the ZAMS stage as mentioned above. The estimated spectral types and masses of M8E-radio
and M8E-IR are listed in Table 4.1.
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The uncertainty of the distance has also been pointed out to exist in these objects as men-
tioned in the Chapter 2. However, it is relatively small for the M8E region, from 1.25 to 1.5
kpc. It could change the masses of M8E-radio and M8E-IR to be 5.5± 0.5M⊙ and 9.2± 0.2M⊙,
respectively.

4.1.2 RAFGL 6366S

IR2 has reached at the ZAMS stage due to the existence of the associating UCHII region (Kurtz
et al. 1994). Its spectral type is expected as B2.5-3.5 (Thompson 1984) using the derived
luminosity (1.3 ± 0.4 × 103 L⊙) at the assumed distance of 2.0 kpc. This result gives a good
agreement with the estimation of B3 spectral type derived by the measurement of the free-free
emission reported by Kurtz et al. (1994). The mass is estimated as 6.5± 0.5M⊙ (Cox 2000).

On the other hand, the MYSO in IR1 is considered as a pre-main sequence object because
an UCHII region has not been detected in the previous work by Kurtz et al. (1994). If its
derived luminosity (4.8± 1.3× 103 L⊙) does not change until reaching at the ZAMS stage, the
spectral type of IR1 is estimated as B1-1.5 (Thompson 1984). This corresponds to 9.5± 0.5M⊙
(Cox 2000). This is the lower limit of the estimation because the MYSO is a pre-main sequence
object.

As mentioned in Chapter 2, IR1 consists of the MYSO and the NIR object. The flux contri-
bution of the NIR object is not negligible in the NIR and the short-MIR wavelengths. Rodon
(2009) has reported that the NIR flux of IR1 mostly comes from the NIR object. Observations
performed in the RMS project (Lumsden et al. 2013) have showed that the MYSO and the
NIR object have almost the same luminosities at 11.2 µm. Our 12 µm image also shows an
extended structure in IR1. However, such a structure is not seen in our 18 µm image, which
suggests that the MYSO dominates the flux of IR1 at 18 µm and longer wavelengths. Even if
the MYSO dominates the flux of IR1 only in wavelengths longer than 18 µm, its lower limit
of the bolometric luminosity is decreased to be as large as 2.5 × 103L⊙ and its ranges of the
spectral type and the mass are changed into B1-2.5 and 9 ± 1M⊙, respectively. The estimated
spectral types and masses are listed in Table 4.1.

The distance of RAFGL 6366S has large uncertainty up to ±50% (Klein et al. 2005). When
the distance is 1.0 kpc, the closest case, the spectral types and masses of IR1 and IR2 are B2.5-4
(6± 1M⊙) and B5-6.5 (4.5± 0.5M⊙), respectively. However, the spectral type of B5-6.5 is too
late to form the UCHII region, which is inconsistent with the fact that IR2 has the UCHII
region. IR2 should be equal to or earlier than B3 star at the ZAMS stage (Churchwell 2002)
and the distance should be equal to or farther than 1.8 kpc. We will adopt this as the closest
distance of RAFGL 6366S region in this work. The estimated results at the closest (1.8 kpc)
and the farthest (3.0 kpc) cases are also listed in Table 4.1. These results show that their masses
do not change largely at any assumed distances.

4.1.3 IRAS 18317-0513

Both IRAS 18317-0513-IR1 and IR2 seem to be pre-main sequence objects (Urquhart et al. 2009).
Lower limits of spectral type and mass of IR1 and IR2 are estimated as B1.5-2 (8.5± 0.5M⊙),
and B1.5-2.5 (8±1M⊙), respectively (Thompson 1984; Cox 2000) at the assumed distance of 3.0
kpc. The estimated spectral types and masses are listed in Table 4.1. It includes the estimated
spectral types and masses at the closest (2.0 kpc) and the farthest (4.0 kpc) cases.
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Chaper. 4 4.2 Star formation Sequence in each region

4.2 Star formation Sequence in each region

It has revealed that the more massive object is at a younger evolutional stage in the M8E and
the RAFGL 6366S regions. Since the more massive object generally evolves faster, its formation
is expected to have begun after the less massive object had formed. This is consistent with
our expected star formation sequence described in Chapter 1. However, it is not clear that
the observed sequence remains significant even when taking into account the uncertainty of the
mass estimation and other considerable factors. The difference of the ages of the objects might
be buried in the uncertainty, or in the worst case, the sequence might be turned over. In this
section, we estimate the age of each object and make a quantitative comparison between them.

In general, the star formation timescale is considered to consist of the following two timescales.

1. Timescale of falling self-gravity gas into a central object: tfall.
Classically, this timescale is known as the free-fall timescale assuming the constant gas
density. It depends on the gas density and not on the mass of a core or a forming star
(Zinnecker and Yorke 2007). The recent model including the realistic density structure and
turbulence in the core suggests that the timescale depends on not only a mean gas surface
density but also the final mass of the forming star (McKee and Tan 2002). However, the
dependence on the final mass of the forming star has been suggested to be weak in this
model (McKee and Tan 2002). Therefore, assuming the mean surface density of a typical
massive star forming core described in McKee and Tan (2002), we use a value of 1× 105yr
as the gas falling timescale in this study, which is almost constant with the variation of
the final mass of the forming star.

2. Timescale of contraction of the central object until it starts hydrogen burning: tKH.

This corresponds to the Kelvin-Helmholtz timescale tKH ∼ G M2
∗

R∗L∗
, where G, M∗, R∗,

and L∗ represent the gravitational constant and the mass, the radius, and the luminosity
of the object. Commonly, tKH gets shorter when the mass gets heavier. Its dependence
is evaluated as tKH ∝ M−2.2

⋆ in the mass range of approximately 5 to 10 M⊙ based on
theoretical simulations (Zinnecker and Yorke 2007; Pietrinferni et al. 2004).

Actually, periods of tfall and tKH during massive star formation may be overlapped because
the contraction begins before all the mass infalls (Zinnecker and Yorke 2007). It may make
the total timescale shorter than the simple sum of tfall and tKH. However, it is very difficult
to estimate the overlap exactly. Here, we use the simple sum as the star formation timescale.
Figure 4.1 displays a schematic drawing of the star formation timescale.

4.2.1 M8E

In the case of M8E-radio, tKH is estimated as 3 to 5×105yr from the derived mass of 6.5±0.5M⊙
(Zinnecker and Yorke 2007). The uncertainty of tKH is caused by the error of the mass estimation.
tfall is 1 × 105yr. The star formation time scale is 4 to 6 × 105yr in total. If M8E-radio is at
exactly the ZAMS stage, the age of M8E-radio is equal to this star formation timescale. But
it is more likely that M8E-radio spends some time after reaching at the ZAMS stage, and this
time should be added to the age. This is expected to be less than the lifetime of the UCHII
region, typically 1× 105yr at most, as shown in Figure 4.2. Therefore, the age of of M8E-radio
is 4 to 7× 105yr.

On the other hand, tKH of M8E-IR is estimated as 1× 105yr because its mass is derived as
10.5± 0.5M⊙. With adding tfall of 1× 105yr, the star formation timescale is 2× 105yr in total.
This timescale gives an upper limit of the age of M8E-IR because M8E-IR is the MYSO and
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Figure 4.1: The sketch of timescale estimation in this work. The relation between timescales
and evolutional stages are shown.

still on its way to the main-sequence stage (see Figure 4.2), i.e., the age of M8E-IR is less than
2× 105yr. Therefore, M8E-IR is younger than M8E-radio by at least 2× 105yr.

Figure 4.2: The sketch of age estimation of M8E-radio and M8E-IR including the uncertainness
of the tKH and evolutional stage of each object. tage represents the age of each object.

However, this age difference could be varied if some uncertainties are taken into account.
One possible uncertainty is the estimation of tfall. In the above estimations, a constant value of
1×105yr was adopted as tfall for the both objects, but it may have weak and positive dependence
on the final mass of the objects as discussed above in this section. The massive M8E-IR may
have longer tfall than that of M8E-radio and the age difference might become smaller. However,
the decrease of the age difference is only 0.2 × 105yr considering that M8E-IR is about twice
heavier than M8E-radio.

tfall also negatively depends on the gas density because longer time is necessary for gathering
the gas of the stellar mass under lower density condition. If the density of the parental gas which
have formed M8E-IR was lower than that of M8E-radio, tfall of M8E-IR would also increase,
resulting the age difference might become smaller. It seems inconceivable because the MYSO,
such as M8E-IR, is naturally expected to be formed from denser gas. But it is not completely
ruled out since the formation of M8E-radio may decrease the density around it due to gathering
the gas for forming M8E-radio. Assuming that the variation of the density is expected to be that
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of a typical value in massive cores, roughly as large as ±30% (Tan et al. 2014), the difference of
tfall is 0.6× 105yr. In total, the age difference might be shortened with 0.8× 105yr in the worst
case. This is significantly shorter than the expected age difference of at least 2 × 105yr, which
indicates that the uncertainties of tfall do not turn over the star formation sequence.

There is uncertainty in the measurement of the distance to the M8E region, from 1.25 kpc
to 1.5 kpc. It might also change the age difference. If the larger distance were adopted, the
masses of the both objects would be modified to be larger, hence tKH would become shorter,
and the age difference would decrease. However, the distance adopted at present (1.5 kpc) is
the farthest case for the M8E region. The age difference is kept constant or slightly increased
when the distance of 1.25 kpc is adopted.

4.2.2 RAFGL 6366S

For RAFGL 6366S-IR2, tKH is estimated as 3 to 5×105yr using the derived mass of 6.5±0.5M⊙
at the assumed distance of 2.0 kpc. tfall is adopted as 1×105yr. The star formation timescale is
then 4 to 6×105yr in total. Since RAFGL 6366S-IR2 has the UCHII region, its age is estimated
as 4 to 7× 105yr considering the lifetime of the UCHII region.

tKH of RAFGL 6366S-IR1 is estimated as 1 to 2× 105yr from the derived mass of 9± 1M⊙.
Adopting the value of 1× 105yr for tfall, the star formation timescale is 2 to 3× 105yr in total.
Since this object is in the pre-main sequence stage, its age is 2 to 3×105yr or shorter. Therefore,
the age difference between them is 1× 105yr or more. This is also longer than the uncertainties
of tfall as discussed in the previous subsection.

The distance to the RAFGL 6366S region has not been determined accurately. If the distance
of 3.0 kpc is adopted instead of 2.0 kpc, tKH of IR1 and IR2 are varied to 1 × 105yr and
2 to 3 × 105yr, respectively. Therefore, the age difference still remains 1 × 105yr or more, and
it is also longer than the uncertainties of tfall.

4.2.3 IRAS 18317-0513

tKH of IRAS 18317-0513-IR1 and IR2 are expected to be almost the same values since their
masses are almost the same, 8.5 ± 0.5M⊙ and 8 ± 1M⊙, respectively. The star formation
timescales and ages of two objects are expected to be almost the same. This conclusion does
not change with the uncertainty of the distance because the relative ratio of the luminosities
and masses of the two objects does not change when the distance is changed.

The results of the estimation of the star formation timescales and the age differences including
tfall, tKH, and errors of the estimation in the observed regions are listed in Table 4.2.
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4.2.4 Other massive star forming regions

To confirm whether the expected star formation sequence is universal or not, a literature survey
has been carried out. We have searched massive star forming regions 1) which include two or
more MYSOs, or more than one MYSO and more than one object with an UCHII region and 2)
which have been observed in the multi-wavelengths with sufficient spatial resolution to measure
the luminosity of each object. Three regions (Mon R2, ISOSS J18364-0221 SMM1, and AFGL
437) have been selected.

Mon R2

The Mon R2 region is a famous massive star forming region observed well in the multi wave-
lengths from the NIR to the centimeter wavelengths (de Wit et al. 2009). It includes two massive
young stellar objects, IRS1 and IRS3 (Massi et al. 1985). Their separation is about 0.1 pc (de
Wit et al. 2009). The mass of IRS1, estimated as 17M⊙, is heavier than IRS3, estimated as
10M⊙, (Massi et al. 1985) and an UCHII region is accompanied only with IRS1 (Walsh et al.
1998). These results have represented that the more massive object (IRS1) is more evolved than
the less massive object (IRS3). This seemingly appears to be a counter example of the expected
star formation sequence.

Since IRS1 is a very heavy object, its tKH is very short. It is estimated as 0.5×105yr. Adding
the tfall of 1× 105yr and the lifetime of the UCHII region, the age of IRS1 is 1.5 to 2.5× 105yr
in total. On the contrary, tKH of IRS3 is 1×105yr and the star formation timescale is 2×105yr.
This is nearly identical to the age of IRS1 within an error and the ages of IRS1 and IRS3 do
not show significant difference quantitatively. It is concluded that the star formation sequence
cannot be determined in this region.

ISOSS J18364-0221 SMM1

The ISOSS J18364-0221 SMM1 region is a massive star forming region located in the large star-
forming complex ISOSS J18364-0221 with a size of about 100 pc2 and a mass of about 3200 M⊙
(Hennemann et al. 2009). Total gas mass of SMM1 is 75 ± 30 M⊙ and its radius is about 0.2
pc (Hennemann et al. 2009). It includes two massive objects called as SMM1 South and SMM1
North with a separation of approximately 0.1 pc (Hennemann et al. 2009). Both objects are
MYSOs and not detected at the NIR wavelength (Hennemann et al. 2009). SED fittings from
the MIR to the millimeter wavelengths have revealed the effective temperatures of SMM1 South
and SMM1 North are 22 K and 15 K, respectively. The mass of SMM1 South is estimated as
12M⊙ and that of SMM1 North as 18M⊙ (Hennemann et al. 2009). SMM1 South is very bright
at 24 µm, associated with jet, and has turbulent central region traced by HCN(1-0) observations
(Hennemann et al. 2009). All these observational results suggest that SMM1 South is a typical
MYSO. On the other hand, SMM1 North is not detected at 24 µm and not associated with jet
or turbulence(Hennemann et al. 2009). These imply that SMM1 North is relatively quiescent
object and seems to be before or the very early phase of the accretion and the contraction phase.
The less massive object, SMM1 South, is at a more evolved phase than the more massive object,
SMM1 North. This suggests that the less massive SMM1 South has formed earlier than the
more massive SMM1 North in this region although no UCHII regions have been detected there.
This region could be at a more previous phase than the M8E and the RAFGL 6366S regions.
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AFGL 437

The AFGL 437 region is a compact and clustering massive star forming region containing a few
dozen NIR objects. At the MIR wavelengths, four objects, AFGL 437W, AFGL 437S, AFGL
437N, and WK34 are very prominent (de Wit et al. 2009; Kumar Dewangan and Anandarao
2010). All the objects are distributed within about 0.15 pc (de Wit et al. 2009). AFGL 437W
and AFGL 437S associate with UCHII regions while the other two do not (Kumar Dewangan
and Anandarao 2010). The masses of AFGL 437W, AFGL 437S, AFGL 437N, and WK34
have been estimated to be 8M⊙, 8M⊙, 9M⊙, and 7M⊙, respectively (Kumar Dewangan and
Anandarao 2010). All the reported masses of the four objects are almost the same and this
region is not applicable for further discussion of the star formation sequence because their ages
are also estimated as almost the same values.

Relation between star formation sequences and projected spatial scales?

Star formation sequences and projected spatial scales obtained in the literature search are sum-
marized in Table 4.3. Although the projected spatial scales of the literature-searched regions are
relatively larger than our observed regions, the derived star formation sequences do not seem to
depend on the projected spatial scales.
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4.3 Summary of the study of the star formation sequences

The masses and the evolutional stages of the objects in our observed and literature-searched
regions are summarized in Figure 4.3. In three regions, the HIYSOs have formed earlier than the
MYSOs, which gives good agreements with our expectation discussed in Chapter 1. In another
two regions, whether the HIYSOs have formed earlier or not cannot be discussed because all
the objects have almost the same masses. In the Mon R2 region, the detailed age estimation
has shown that which object has formed earlier cannot be determined due to their relatively
heavy masses. Although the number of the studied regions is not enough for detailed statistical
evaluation, the results have shown that some of the observed regions show the star formation
sequences which is consistent with our expected ones.

Figure 4.3: The summary of the masses and the evolutional stages of the objects in the all
regions. The error of the masses are also represented in our observed regions.
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Chapter 5

Model estimation of radiative
heating effect

5.1 Quantitative Evaluation of radiative heating by the HIYSO

In the previous chapter, we have suggested that the HIYSOs had existed before the formation of
the MYSOs. However, it is not clear that radiative energy from the HIYSO is enough for heating
a cloud to the temperature required to physically support the massive CC. In this section, we
will estimate the gas temperature around the HIYSO under simple assumptions. The M8E
region is focused on as a typical case.

5.1.1 Temperature structure made from radiative heating

We assume that the cloud has constant density and contains a single HIYSO in the pre-main
sequence stage as shown in Figure 5.1. In this stage, the HIYSO is deeply embedded in the
dense envelope and its radiation can be considered as a blackbody at the temperature of the
envelope, approximately 100 K (Kurtz et al. 2000; Churchwell 2002; Sridharan et al. 2002). The
density of a typical value of IRDCs, nH2 ∼ 104 cm−3 (Longmore et al. 2011), is adopted as that
of the cloud. This corresponds to an optical depth of Av ∼ 6 mag with a size of 0.1 pc. It is
sufficiently transparent for the radiation from the envelope containing the HIYSO and therefore
we can treat this as an optical thin condition.

A temperature of a dust particle at a radius of r from the HIYSO is determined by the
radiation equilibrium between the radiative heating by the HIYSO and re-emitting from the
dust particle itself, as the following equation,∫

4πr2HIY SO

4πr2
πa2ε(λ)FHIY SO(λ)dλ =

∫
4πa2ε(λ)Fdust(λ, r)dλ, (5.1)

where rHIY SO, a, ε(λ), FHIY SO(λ), and Fdust(λ, r) represent the radius of the circumstellar enve-
lope accompanied with the HIYSO, the radius of the dust particle, the dust emissivity, spectral
intensity from the HIYSO with the circumstellar envelope, and spectral intensity of the re-
emission from the dust particle. Here, the re-emission from the dust particle is considered as
modified black body radiation with the dust emissivity, ε(λ) ∼ λ−β. An absorption coefficient
of the dust particle is also represented as ε(λ). The equation of the radiation equilibrium is
rewritten as the following,∫

4πr2HIY SO

4πr2
πa2ε(λ)Bλ(THIY SO)dλ =

∫
4πa2ε(λ)Bλ(Tdust(r))dλ, (5.2)
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where Bλ(T ), THIY SO, and Tdust(r) represent the black body radiation of a certain temperature
T , the effective temperature of the HIYSO with the envelope, and the temperature of the dust
particle at the radius of r from the HIYSO. Therefore, Tdust(r) is,

Tdust(r) = THIY SO

(
r2HIY SO

4r2

) 1
4+β

= T
β

4+β

HIY SO

(
LHIY SO

16πσr2

) 1
4+β

, (5.3)

where LHIY SO and σ represent the luminosity of the HIYSO and the Stefan-Boltzmann constant.
Here, rHIY SO is converted to LHIY SO as the following equation,

LHIY SO = 4πr2HIY SOσT
4
HIY SO. (5.4)

When the density of the dust and the gas is relatively high, it is naturally expected the dust
temperature is equal to the gas temperature. Then, the gas temperature at the radius of r from
the HIYSO, Tgas(r), is,

Tgas(r) = Tdust(r) = T
β

4+β

HIY SO

(
LHIY SO

16πσr2

) 1
4+β

. (5.5)

In this estimation, the dust emissivity index, β, is assumed as 2, which is a typical observed
value in massive star forming regions (Hill et al. 2006).

We consider the case of the M8E region. In order to form the object with the mass of
10.5 M⊙, corresponding to M8E-IR, the gas temperature should be higher than 48 K derived
from the equation of the Jeans mass. A typical temperature of the HIYSO is considered as 100
K (Grave and Kumar 2009; Sridharan et al. 2002). The luminosity of M8E-radio is measured
as 1.5 × 103 L⊙ in this work, but the luminosity in the pre-main sequence stage is considered
to be lower (Hosokawa and Omukai 2009; Zinnecker and Yorke 2007; Palla and Stahler 1993).
Therefore, we first adopt the luminosity of 900 L⊙ in this calculation. This is the luminosity
of the HIYSO with a mass of 6.5 M⊙, corresponding to M8E-radio, at the birth line expected
by the stellar model of Siess et al. (2000). The result of calculation is shown in Figure 5.2.
The temperature at 0.05 pc, where M8E-IR is located, in this case is some what lower, 29
K, than required one. However, Tgas(r) strongly depends on input parameters, THIY SO and
LHIY SO. According to observations by such as Grave and Kumar (2009), Kurtz et al. (2000),
and Sridharan et al. (2002), THIY SO may vary in a range from 50 K to 200 K. LHIY SO may also
vary when the accretion rate of the HIYSO varies because the luminosity is roughly proportional
to the accretion rate in the pre-main sequence stage. Assuming that the accretion rate may
change as large as one order of magnitude from a typical value during star formation, LHIY SO

changes in a range from 100 L⊙ to 4000 L⊙ (Krumholz 2006; Krumholz et al. 2007; Hosokawa
and Omukai 2009). When THIY SO is 200 K and LHIY SO is 4000 L⊙, Tgas(r) at 0.05 pc is
estimated as 46 K as shown in Figure 5.2. In this case, the Jeans mass becomes 10 M⊙ which
almost corresponds to the derived mass of M8E-IR within the error (10.5± 0.5 M⊙).

It is notable that the gas temperature of the M8E region is measured as 30 to 40 K by CO
observations with a beam size of 0.2 pc (Tothill et al. 2002). This is roughly consistent with or
slightly higher than our calculation. However, the gas temperature at present would correspond
to the temperature of the already formed massive core, not the previously existing cloud, and
it may also be affected by additional radiation from M8E-IR at present.

5.1.2 Collapsing mass estimation of heated gas

In addition to the gas temperature, it should be considered whether a collapsing mass of a CC
in the heated gas is large enough for forming the MYSO or not. The collapsing mass of the
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CC in the heated gas is estimated from the Jeans mass. Of course the Jeans mass is defined
under isothermal condition in a strict sense, but we adopt a mean temperature, T̄gas(R), instead
because the cloud has temperature structure. This is a volume averaged temperature within the
radius of R from the HIYSO described as following,

T̄gas(R) =
1

4πR3

3

∫ R

0
Tdust(r

′)4πr′2dr′ =
12 + 3β

10 + 3β
Tdust(R) =

9

8
Tdust(R). (5.6)

In this case, the Jeans mass is expressed as,

Mcollap = MJ = 1.7× 10−10T̄gas(Rcollap)
3
2 ρ−

1
2 [M⊙], (5.7)

where Mcollap, MJ , Rcollap, and ρ represent the collapsing mass, the Jeans mass, the radius of
the collapsing region from the HIYSO, and the gas density as shown in Figure 5.3. Because the
constant gas density is assumed in this model (see Figure 5.3), Mcollap is also written as,

Mcollap = ρ
4πR3

collap

3
. (5.8)

Using the above two equations, the equation of the collapsing mass can be described without
Rcollap,

Mcollap = 4.8× 10−10ρ−
2
7T

3
7
HIY SOL

3
14
HIY SO[M⊙]. (5.9)

As compared with the original equation of the Jeans mass, dependence of the collapsing mass
on the density decreases.

When ρ of 3 × 10−17 kg m−3, corresponding to nH2 ∼ 104 cm−3, THIY SO of 100 K, and
LHIY SO of 900 L⊙ are substituted for the case of the M8E region, Mcollap is derived to be 4 M⊙.
Mcollap may be increased up to 8 M⊙ if THIY SO is 200 K and LHIY SO is 4000 L⊙ in the same
manner as the previous subsection. This is not sufficient for the mass of M8E-IR, 10.5 M⊙,
but gives an agreement within a factor of 1.5. In this case, T̄gas(Rcollap) is 36 K and Rcollap is
0.15 pc.

The luminosity may be further increased by the contribution of lower-mass YSOs coexisting
around the HIYSO. Each of YSOs is not so luminous compared to the HIYSO, but they are
abundant. If the mass function of YSO is given by the Salpeter’s IMF law (Salpeter 1955)
and each YSO has a luminosity at its birth line (Siess et al. 2000), the whole luminosity of the
lower-mass YSOs is twice larger than that of the single HIYSO, which increases Mcollap by 30
%. Note that this gives an upper limit because a luminosity of a lower-mass YSO becomes the
maximum value at the birth line and drastically decreases during the pre-main sequence stage
(Palla and Stahler 1993). Detailed evolutional models and information of ages of the lower-mass
YSOs are required to estimate the actual contribution of the lower-mass YSOs exactly. This is
out of scope of this simple calculation discussed here.

In conclusion, our calculation has demonstrated that the collapsing mass of the CC may be
increased up to near the mass of the MYSO (M8E-IR) if the luminosity of the HIYSO (and
the lower-mass YSOs) is large enough. The expected collapsing mass gives an agreement with
the mass of the MYSO within a factor of 1.5. This is the case of the M8E region, and similar
results are obtained for the other two regions, the RAFGL 6366S and the ISOSS J18364-0221
SMM1 regions. For further discussions, detailed theoretical models of the radiative heating
in the IRDCs which include gas density structure, an effect of the turbulence, and the stellar
evolution of the lower-mass YSOs are needed in addition to detailed observations.
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Figure 5.1: The sketch of the model as described in the section 5.1.1. The HIYSO heats up
the surrounding dust particles and molecular gas. The uniform dust and gas density is assumed
here.
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Figure 5.2: The decrement of gas temperature with the change of radius. The Jeans mass
corresponds to the gas temperature is also represented. The case of when THIY SO is 200 K and
LHIY SO is 4000 L⊙ and the typical case (THIY SO is 100 K and LHIY SO is 900 L⊙) are plotted.

Figure 5.3: The sketch of the collapsing mass evaluation. The mass is assumed as the Jeans
mass of the mean temperature of the gas.
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Chapter 6

Conclusion and Future work

In this work, three massive star forming regions, the M8E, the RAFGL 6366S, and the IRAS
18317-0513 regions, have been observed in the mid-infrared wavelengths, including 31- and 37-
micron bands, to examine the star formation sequences between HIYSOs and MYSOs. Our
developed mid-infrared camera MAX38 mounted on the miniTAO telescope has been used for
this study. The observations have brought us the first images of these regions at longer than
30-microns from ground. The spatial resolution in our observations achieves approximately 8
arcsec at 31 microns and 9 arcsec at 37 microns which is the highest resolution among the other
observations carried out so far. Images of all these 0.1-pc size regions, which have achieved
enough high spatial resolution to resolve individual objects, have been successfully obtained.
These images have enabled us to measure an infrared luminosity of each object separately.

Individual spectral type and stellar mass have been estimated from the derived luminosities
using a stellar model. In the M8E and RAFGL 6366S regions, it has been found that the objects
associated with the UCHII regions have relatively lower masses than the other objects. Because
less massive YSOs are expected to have longer star formation timescales, they may form earlier
and more massive objects latter. These star formation sequences have also been confirmed by
a quantitative age estimation of each object. Furthermore, a literature survey has been carried
out to extend the number of samples. The similar star formation sequence has also been found
in one region out of three. In total, such sequences have been confirmed in three out of six
regions and the same star formation sequences could have not been ruled out in the other three
regions. This suggests that the radiative heating by the previously formed HIYSO helps the
formation of MYSO in the massive star forming regions.

Furthermore, we have estimated the gas temperature and the mass of the CC in the heated
gas using a simple cloud model under assumption of dust thermal equilibrium. It has been
suggested that the radiative heating by the HIYSO can increase the gas temperature enough to
form the MYSO in a certain case within a possible range of a luminosity and a temperature of
the HIYSO. It has also been suggested that the increased mass of the CC, assuming that it is
equal to the Jeans mass, from the radiative heating by the HIYSO almost corresponds to the
mass of the MYSO in a certain case.

This work may provide the first observational evidence that the radiative heating by the
previously formed HIYSO induces the formation of the MYSO. This result also suggests spec-
ulation that masses of newly formed YSOs in the IRDCs always increase from the first-formed
low-mass YSOs to finally-formed MYSOs due to the radiative heating by the previously formed
YSOs in the IRDCs. Detailed theoretical models of the radiative heating in the IRDCs will give
further information of the star formation sequences between HIYSOs and MYSOs and the effect
of the radiative heating by the HIYSO.
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Furthermore, more extensive observations of 0.1-pc size massive star forming regions includ-
ing the long-MIR are strictly needed to check the universality of this star formation sequence
between the HIYSO and the MYSO. Such observations will be able to be largely carried out in the
near future using the developing telescope and instruments, i.e., the MIR camera MIMIZUKU
mounted on TAO 6.5-m telescope (Kamizuka et al. 2014; Yoshii et al. 2014). When observations
using the TAO/MIMIZUKU will be available, the sensitivity in the long-MIR is about 40 times
as good as observations using the miniTAO/MAX38 and the spatial resolution is 6.5 times as
high as those. (Kamizuka et al. 2014). These mean that HIYSOs and MYSOs which are as
faint as 1 Jy at 30 micron can be observed and their separations are as small as 1 arcsec can
be resolved at 30 micron in massive star forming regions with the TAO/MIMIZUKU. Consider-
ing these improvements, observations with the TAO/MIMIZUKU will enable us to study more
than 20 additional massive star forming regions, which is estimated from fluxes of HIYSOs and
MYSOs and crowdedness of massive star forming regions in the catalog of the RMS project
(Lumsden et al. 2013). Such a future large survey will bring us further information of the star
formation sequences between HIYSOs and MYSOs. They may also reveal us the universality
of such star formation sequences with more extended mass ranges, including intermediate mass
objects with masses of 2 to 5 M⊙, due to improvement of the sensitivity in the long-MIR.
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